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Dark Matter Halos
Michael J. I. Brown and the Boötes field collaborations
School of Physics, Monash University, Clayton, Victoria 3800, Australia
Abstract. In cold dark matter cosmologies, the most massive dark matter halos undergo rapid
growth between a redshift of z = 1 and z = 0, corresponding to the past 7 billion years of cosmic
time. There is thus an expectation that the stellar masses of the most massive galaxies will also
rapidly grow via merging over this redshift range. While there are examples of massive merging
galaxies at low redshift, recent observations show that the stellar masses of massive galaxies have
grown by only ∼ 30% since z = 1. Some of the literature claims that the slow growth of massive
galaxies is contrary to the ΛCDM paradigm, although this is not necessarily the case. To determine
why massive galaxies are not growing rapidly, we have modeled how galaxies populate dark matter
halos. To do this, we have measured the space density and spatial clustering of redshift z< 1 galaxies
in the Boötes field of the NOAO Deep Wide-Field Survey. We have then modeled the observations
using the halo occupation distribution (HOD) formalism. We find that the stellar masses of the
largest galaxies are proportional to dark matter halo mass to the power of a third. In the most
massive dark matter halos, we also find that the stellar mass is distributed mostly among "satellite"
galaxies. As a consequence, the stellar masses of large galaxies are expected to increase relatively
slowly, even though they reside within rapidly growing dark matter halos.
Keywords: Dark Matter; Elliptical galaxies; Lenticular (S0) galaxies; Origin & Evolution of
Galaxies
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INTRODUCTION
For plausible cold dark matter cosmologies, the most massive (gravitationally bound)
halos of dark matter form when the Universe is relatively young but acquire much of
their mass via hierarchical mergers with other halos between redshifts of z = 1 and z = 0
[1, 2, 3], corresponding to the past seven billion years. As a consequence, there is the
expectation that the stellar masses of the most massive galaxies will also undergo rapid
growth via merging over the same redshift range, and that observations contrary to this
signal a fundamental flaw with the current ΛCDM paradigm. This expectation has been
reinforced by many of the galaxy formation simulations and models produced since the
early 1990s [4, 5], which have predicted rapid growth of massive galaxy stellar masses
at redshifts of z < 1.
DISCORD
There is significant discord within the observational literature about how massive galax-
ies grow over cosmic time. Some have claimed that massive galaxies have grown by a
factor of ∼ 2 in stellar mass since z = 1, in agreement with the predictions of the many
models [4, 6]. Others have claimed that there has been no significant growth of massive
galaxy stellar masses since z = 1 [7, 8], and that massive galaxies may undergo pure
luminosity evolution (without stellar mass growth) since their formation. This would be
contrary to the ΛCDM paradigm. It is interesting to note that (until recently) relatively
few papers have claimed that massive galaxies grow slowly at z < 1, rather than rapidly
or not at all [9, 10].
The discord within the astronomical community is not surprising for a number of
reasons. For a start, only in the last decade has it been possible to obtain large sam-
ples of z = 1 galaxies and measure their properties (redshift, luminosity, stellar mass).
It is thus not surprising that the first generation of studies of massive galaxy growth had
limitations that are being identified or mitigated by later works. Many measurements
of “observable” properties of galaxies, such as rest-frame luminosities and colors, are
actually dependent upon models including (at a minimum) galaxy spectral energy dis-
tributions and the spatial distribution of stars within galaxies. Errors in these models can
lead to surprisingly large errors in the observed evolution of galaxies.
Caveats in galaxy formation models have not been clearly communicated and under-
stood. Disagreement between a particular galaxy formation model using a ΛCDM cos-
mology and observations is often interpreted as a flaw with the ΛCDM itself. However, a
galaxy formation model must include a number of recipes for describing the behavior of
baryonic matter, including the cooling and gravitational collapse of gas, the formation of
stars, and the heating of gas by astrophysical sources (e.g., supernovae, quasars). Given
the complexity of modeling the baryonic matter, a disagreement between observations
and a particular model may have little to do with the validity of the ΛCDM paradigm.
Conversely, agreement between observations and a particular model of ΛCDM galaxy
formation does not necessarily validate the ΛCDM paradigm.
There is strong evidence for massive galaxies being both ancient and continuing
to grow via mergers. This may explain the strong (often bimodal) opinions held by
astronomers on the topic of galaxy growth. The stellar populations of the most massive
galaxies are approximately ten billion years old and their current star formation rates are
very low [11]. However, there are many irrefutable examples of massive galaxies at low
redshift undergoing mergers [6]. Clearly massive galaxies are undergoing some growth
via mergers with other galaxies, contrary to pure luminosity evolution models. Thus the
debate about galaxy growth should not be about whether or not there is any growth via
mergers. The debate should be about the rate of growth via merging.
While one can identify examples of merging galaxies [6], it is very hard to turn
catalogs of merging galaxies into a robust measure of galaxy growth. While some
merging galaxies can be easily identified, how long they remain recognizable as merging
galaxies is unclear, and this has a direct impact on the measured merger rate. Even
merger rates defined using galaxy pairs depend upon model assumptions for how long
it takes galaxy pairs to merge. Consequently, estimates of galaxy growth derived from
catalogs of merging galaxies have considerable scatter.
FIGURE 1. The evolving red galaxy luminosity function [10]. The bright end of the luminosity function
(shown at the right of the plot) fades with time, due to the evolution of stellar populations within galaxies.
If galaxies were rapidly growing via merging, we would see the number of very luminous galaxies
increasing with time. The fading of the bright end of the luminosity function does not match stellar
population models, implying some growth of massive galaxies via galaxy mergers. (The parameter h
is equal to the Hubble constant divided by 100 km s−1 Mpc−1.)
THE SLOW GROWTH OF MASSIVE GALAXIES
The evolving number of galaxies per unit (comoving) volume is a conceptually simple
and robust test of how rapidly the stellar masses of massive galaxies are increasing.
At the redshifts where massive galaxy growth is taking place, the number of massive
galaxies (of fixed stellar mass) per unit volume will increase with decreasing redshift.
Over the past 5 years, a number of studies measuring the luminosity function (galaxies
per unit volume per unit luminosity) and the stellar mass function (galaxies per unit
volume per unit galaxy stellar mass) have shown that massive galaxies grow slowly
[12, 10, 7]. For example, in Figure 1 we plot the evolving red galaxy luminosity function
[10]. The bright end of the luminosity function fades with time, largely due to the
evolution of galaxy stellar populations. If massive galaxies were growing very rapidly
via merging, this would overwhelm the observed fading, and the bright end of the
luminosity function would be increasing with time. While some studies (with large
uncertainties) find that the evolution of the luminosity function and stellar mass function
is consistent with no growth of massive galaxies, studies using larger samples of galaxies
find evidence for some galaxy growth. For example, using a sample of ∼ 40,000 red
galaxies, we find that the stellar masses of the most massive galaxies have grown by 30%
since z = 1 [10, 13]. Is the slow growth of massive galaxies consistent with ΛCDM?
FIGURE 2. Two schematics illustrating the relationship between galaxy growth and how galaxies
populate dark matter halos. In the first scenario, when dark matter halos (open circles) merge the galaxies
(filled circles) within them merge soon after. As a consequence, satellite galaxies are relatively rare and
galaxy stellar mass is strongly correlated with dark matter halo mass. In the second scenario, when dark
matter halos merge the individual galaxies survive for many billions of years. As a consequence, satellite
galaxies are relatively common and galaxy stellar mass is weakly correlated with dark matter halo mass.
GALAXY GROWTH WITHIN DARK MATTER HALOS
One can gain insights into why galaxies grow slowly by determining how galaxies
populate extended halos of dark matter. To illustrate this, in Figure 2 we show two
scenarios for galaxy growth with the same underlying cosmology. In the first scenario,
when dark matter halos merge the galaxies that were within these halos merge soon
after. As a consequence, galaxy stellar mass is strongly correlated with dark matter
halo mass and satellite galaxies are relatively rare. In the second scenario in Figure 2,
when dark matter halos merge the galaxies orbit within the halo for many billions
of years before merging. As a consequence, galaxies grow relatively slowly, galaxy
stellar mass is weakly correlated with dark matter halo mass and satellite galaxies are
relatively common. If we can determine how galaxies populate dark matter halos, we
can discriminate between such scenarios.
Unfortunately, it is difficult to determine reliable dark matter halo masses for individ-
ual galaxies. Stellar and gas kinematics can generally only measure the mass within the
very inner part of the dark matter halo. However, the number density and spatial distri-
bution of dark matter halos is a function of their mass and can be accurately modeled
(for a given set of cosmological parameters) [1, 2, 3]. As a consequence, one can deter-
mine the typical dark matter halo mass for a given galaxy population by comparing its
observed spatial (or angular) clustering with the clustering of dark matter halos. As we
illustrate in Figure 2, the spatial clustering of galaxies (measured using galaxy pairs) on
small scales is sensitive to the number of galaxies per dark matter halo. One can thus
use measurements of the number and spatial clustering of galaxies to determine how
galaxies populate dark matter halos.
FIGURE 3. The dark matter halo masses of galaxies as a function of “evolution corrected” absolute
magnitude [13], which is effectively a proxy for stellar mass. Although galaxy stellar masses and host
halo masses evolve, the relationship between these two quantities shows little evolution at z < 1. In the
most massive galaxies, stellar mass is proportional to halo mass to the power of a third.
In two papers we have determined how massive galaxies populate dark matter halos
[14, 13]. To do this, we used 40,696 red galaxies with photometric redshifts between
z = 0.2 and z = 1.0 in the Boötes field of the NOAO Deep Wide-Field Survey [15, 16].
We have determined how red galaxies populate dark matter halos, by utilizing the halo
occupation distribution (HOD) formalism [17, 18] to model the observed space density
and angular clustering of red galaxies.
In Figure 3 we show the relationship between dark matter halo mass and a proxy for
central galaxy stellar mass (an evolution corrected galaxy luminosity). A remarkable
feature of this plot is the relationship between galaxy stellar mass and dark matter halo
mass does not appear to evolve with redshift. There also seems to be a lower limit for
the dark matter halo masses of red galaxies, and lower mass halos presumably host blue
galaxies. For the most luminous galaxies, galaxy stellar mass is proportional to halo
mass to the power of a third. This is similar to the second scenario noted in Figure 2,
where galaxies grow slowly within rapidly growing dark matter halos.
In Figure 4, we show the amount of light produced by galaxies as a function of dark
matter halo mass. As noted previously, central galaxy stellar mass increases slowly with
dark matter halo mass. If one sums the light from all galaxies (central and satellites)
within halos, one finds that the bulk of the stellar mass in the most massive halos resides
within satellite galaxies, not a single central galaxy. Mergers of dark matter halos do not
always lead to (immediate) mergers of galaxies. It thus appears that the slow growth of
massive galaxies may be consistent with a ΛCDM cosmology. However, we caution that
this consistency should not be confused with a robust test of the ΛCDM paradigm.
FIGURE 4. The light produced by central galaxies (dashed line) and the sum of all galaxies (solid line)
as a function of dark matter halo mass [13]. In the highest mass halos, there is more stellar mass contained
in satellite galaxies than within the single central galaxy. Mergers with very massive dark matter halos
do not always lead to rapid growth of massive galaxy stellar masses. The data points plotted here are not
from our study but from the work of others [19, 20, 21, 22], who derived halo masses using approaches
completely independent of the HOD methodology we have employed (e.g., weak gravitational lensing).
SUMMARY
In CDM cosmologies, the most massive dark matter halos undergo rapid growth via
merging at z < 1. As a consequence, there has been the expectation that massive galax-
ies will also rapidly grow via merging, and that the observed growth of massive galaxies
is a test of the ΛCDM paradigm. Recent observations clearly show that the stellar masses
of the most massive galaxies do not grow rapidly at z < 1. However, this is not neces-
sarily inconsistent with ΛCDM. We have investigated how massive galaxies populate
dark matter, using halo occupation distribution modeling of the observed number and
clustering of red galaxies. We find that massive galaxy stellar masses are proportional to
halo mass to the power of (roughly) a third. We also find that much of the stellar mass
within the most massive halos resides within multiple satellite galaxies, rather than a sin-
gle central galaxy. As a consequence, we find that massive galaxies grow slowly within
rapidly growing dark matter halos. The slow growth of massive galaxies may thus be
consistent with ΛCDM.
ACKNOWLEDGMENTS
This work is based in part on observations made with the Spitzer Space Telescope, which
is operated by the Jet Propulsion Laboratory, California Institute of Technology under a
contract with NASA. This research was supported by the National Optical Astronomy
Observatory which is operated by the Association of Universities for Research in Astron-
omy (AURA), Inc. under a cooperative agreement with the National Science Foundation.
Several of the key ideas presented here were developed during summer workshops of the
Aspen Center for Physics, who we thank for their hospitality.
REFERENCES
1. W. H. Press, and P. Schechter, ApJ 187, 425–438 (1974).
2. R. K. Sheth, and G. Tormen, MNRAS 308, 119–126 (1999).
3. A. Jenkins, C. S. Frenk, S. D. M. White, J. M. Colberg, S. Cole, A. E. Evrard, H. M. P. Couchman,
and N. Yoshida, MNRAS 321, 372–384 (2001).
4. G. Kauffmann, S. Charlot, and S. D. M. White, MNRAS 283, L117–L122 (1996).
5. G. De Lucia, V. Springel, S. D. M. White, D. Croton, and G. Kauffmann, MNRAS 366, 499–509
(2006).
6. P. G. van Dokkum, AJ 130, 2647–2665 (2005).
7. C. Scarlata, C. M. Carollo, S. J. Lilly, R. Feldmann, P. Kampczyk, A. Renzini, A. Cimatti, C. Hal-
liday, E. Daddi, M. T. Sargent, A. Koekemoer, N. Scoville, J.-P. Kneib, A. Leauthaud, R. Massey,
J. Rhodes, L. Tasca, P. Capak, H. J. McCracken, B. Mobasher, Y. Taniguchi, D. Thompson, M. Ajiki,
H. Aussel, T. Murayama, D. B. Sanders, S. Sasaki, Y. Shioya, and M. Takahashi, ApJs 172, 494–510
(2007).
8. C. A. Collins, J. P. Stott, M. Hilton, S. T. Kay, S. A. Stanford, M. Davidson, M. Hosmer, B. Hoyle,
A. Liddle, E. Lloyd-Davies, R. G. Mann, N. Mehrtens, C. J. Miller, R. C. Nichol, A. K. Romer,
M. Sahlén, P. T. P. Viana, and M. J. West, Nature 458, 603–606 (2009).
9. M. Masjedi, D. W. Hogg, R. J. Cool, D. J. Eisenstein, M. R. Blanton, I. Zehavi, A. A. Berlind, E. F.
Bell, D. P. Schneider, M. S. Warren, and J. Brinkmann, ApJ 644, 54–60 (2006).
10. M. J. I. Brown, A. Dey, B. T. Jannuzi, K. Brand, A. J. Benson, M. Brodwin, D. J. Croton, and P. R.
Eisenhardt, ApJ 654, 858–877 (2007).
11. B. M. Tinsley, ApJ 151, 547–+ (1968).
12. K. Bundy, R. S. Ellis, C. J. Conselice, J. E. Taylor, M. C. Cooper, C. N. A. Willmer, B. J. Weiner,
A. L. Coil, K. G. Noeske, and P. R. M. Eisenhardt, ApJ 651, 120–141 (2006).
13. M. J. I. Brown, Z. Zheng, M. White, A. Dey, B. T. Jannuzi, A. J. Benson, K. Brand, M. Brodwin,
and D. J. Croton, ApJ 682, 937–963 (2008).
14. M. White, Z. Zheng, M. J. I. Brown, A. Dey, and B. T. Jannuzi, ApJl 655, L69–L72 (2007).
15. B. T. Jannuzi, and A. Dey, “The NOAO Deep Wide-Field Survey,” in ASP Conf. Ser. 191: Photo-
metric Redshifts and the Detection of High Redshift Galaxies, edited by R. Weymann, L. Storrie-
Lombardi, M. Sawicki, and R. Brunner, 1999, p. 111.
16. P. R. Eisenhardt, D. Stern, M. Brodwin, G. G. Fazio, G. H. Rieke, M. J. Rieke, M. W. Werner, E. L.
Wright, L. E. Allen, R. G. Arendt, M. L. N. Ashby, P. Barmby, W. J. Forrest, J. L. Hora, J.-S. Huang,
J. Huchra, M. A. Pahre, J. L. Pipher, W. T. Reach, H. A. Smith, J. R. Stauffer, Z. Wang, S. P. Willner,
M. J. I. Brown, A. Dey, B. T. Jannuzi, and G. P. Tiede, ApJs 154, 48–53 (2004).
17. J. A. Peacock, and R. E. Smith, MNRAS 318, 1144–1156 (2000).
18. Z. Zheng, ApJ 610, 61–68 (2004).
19. Y.-T. Lin, J. J. Mohr, and S. A. Stanford, ApJ 610, 745–761 (2004).
20. Y.-T. Lin, and J. J. Mohr, ApJ 617, 879–895 (2004).
21. R. Mandelbaum, U. Seljak, G. Kauffmann, C. M. Hirata, and J. Brinkmann, MNRAS 368, 715–731
(2006).
22. C. Conroy, F. Prada, J. A. Newman, D. Croton, A. L. Coil, C. J. Conselice, M. C. Cooper, M. Davis,
S. M. Faber, B. F. Gerke, P. Guhathakurta, A. Klypin, D. C. Koo, and R. Yan, ApJ 654, 153–171
(2007).
